We report on our photometric observations of the 2016 superoutburst of ASASSN-16eg. This object showed a WZ Sge-type superoutburst with prominent early superhumps with a period of 0.075478(8) d and a post-superoutburst rebrightening. During the superoutburst plateau, it showed ordinary superhumps with a period of 0.077880(3) d and a period derivative of 10.6(1.1) × 10 −5 in stage B. The orbital period (P orb ), which is almost identical with the period of early superhumps, is exceptionally long for a WZ Sge-type dwarf nova. The mass ratio (q = M 2 /M 1 ) estimated from the period of developing (stage A) superhumps is 0.166(2), which is also very large for a WZ Sge-type dwarf nova. This suggests that the 2:1 resonance can be reached in such high-q systems, contrary to our expectation. Such conditions are considered to be achieved if the mass-transfer rate is much lower than those in typical SU UMa-type dwarf novae that have comparable orbital periods to ASASSN-16eg and a resultant accumulation of a large amount of matter on the disk is realized at the onset of an outburst. We examined other candidates of long-period WZ Sge-type dwarf novae for their supercycles, which are considered to reflect the mass-transfer rate, and found that V1251 Cyg and RZ Leo have longer supercycles than those of other WZ Sge-type dwarf novae. This result indicates that these long-period objects including ASASSN-16eg have a low mass-transfer rate in comparison to other WZ Sge-type dwarf novae.
Introduction
Cataclysmic variables (CVs) are close binary systems composed of a white dwarf (WD) primary and a secondary that transfers mass to the primary. The secondary fills its Roche lobe and its overflowing matter pours onto the primary through the inner Lagrangian point L1. Dwarf novae (DNe) are a subclass of CVs and have a property of recurrent outbursts with typically 2-5 mag brightening. The outburst lasts for days or weeks. It is considered that the outburst results from a sudden release of gravitational energy which is caused by a rapid increase of the mass accretion rate on the primary by the thermal instability in the disk (Osaki 1974) . SU UMa-type DNe are a subclass of DNe characterized by occasional superoutbursts, which have longer durations than normal outbursts with superhumps. Superhumps are variations of small amplitudes typically of 0.1-0.5 mag and are considered to be a result of the tidal instability that is triggered when the outer disk reaches the 3:1 resonance radius during the outburst (Whitehurst 1988; Osaki 1989; Lubow 1991a; Lubow 1991b; Hirose, Osaki 1990 ). Kato et al. (2009) proposed that the superoutburst is divided into three distinct stages by a variation of the superhump period (PSH): stage A has a longer superhump period, in stage B the superhump period systematically varies, and stage C is a final stage of superoutburst and has a shorter superhump period. The amplitude of the superhumps grows during stage A and then decreases during stage B. Intervals between the superoutbursts (supercycles) are typically several hundred days.
WZ Sge-type DNe are a subclass of the SU UMa-type and show mainly superoutbursts and rarely normal outbursts. WZ Sge-type DNe are characterized by the large amplitude, long duration superoutbursts and in some cases the existence of post-superoutburst brightenings, which are called rebrightenings (Kato 2015 , for more detail). WZ Sge-type DNe are also characterized by double-wave small variations of magnitude, which are called early superhumps and have almost the same period as the orbital period, before a growth of the stage A superhumps (Kato 2002; Kato et al. 2014; Ishioka et al. 2001; Ishioka et al. 2002) . Although the historical classifications of WZ Sge-type DNe were mainly based on the amplitude of superoutbursts (e.g., tremendous outburst amplitude dwarf novae or TOADs (Howell et al. 1995) ), the presence of early superhumps is now considered to be a key criterion for classification of WZ Sge-type DNe (Kato 2015) 1 . It is considered that early superhumps are caused when the outer edge of the disk reaches the 2:1 resonance radius during the outburst. The 2:1 resonance is considered to suppress the deformation of the disk caused by the 3:1 resonance, and the eccentricity change due to the 3:1 resonance grows when the outer edge of the disk falls below the 2:1 resonance radius (Osaki, Meyer 2002; Lubow 1991a) . As a consequence, early superhumps are observed in an early stage of the superoutburst and then ordinary superhumps appear subsequently instead of the early superhumps. In order to reach the 2:1 resonance radius, it is considered that a mass ratio q = M2/M1 (M1 and M2 represent the mass of the primary and secondary, respectively) should be extremely low. Osaki, Meyer (2002) proposed that the outer edge of the disk can reach the 2:1 resonance radius in the low mass-ratio systems with q < 0.08. Indeed, WZ Sge-type DNe have extremely small mass ratios, which are typically 0.06-0.08, and also have short orbital periods, P orb , which are around 0.054-0.056 d (Kato 2015) .
The mass-transfer rates from the secondary in WZ Sge-type DNe are very small in comparison with typical SU UMa-type DNe and the supercycles are extremely long. The supercycles are typically a few years or decades (Kato 2015) . There are, however, some unusual objects which show superoutbursts with WZ Sge-type features, i.e., large amplitudes of superoutbursts, the existence of rebrightenings or in some systems, the existence of double-wave modulations similar to early superhumps, although they have longer orbital periods than those of other WZ Sge-type DNe. These long-period objects are classified as WZ Sge-type DNe in Kato (2015) based on observational features.
According to the standard evolutionary theory of CVs, a binary separation becomes shorter because of a loss of the total angular momentum due to the magnetic braking and/or gravitational radiation. If the mass transfer continues, the secondary becomes degenerate at a certain orbital period and then the binary evolves as its separation becomes wider. There is, therefore, a minimum orbital period of CVs, and the binaries passing the period minimum are called period bouncers (Kolb, Baraffe 1999; Knigge et al. 2011 , and references therein). As CVs evolve, the mass-transfer rate becomes lower and the supercycles become longer. Therefore, the mass-transfer rates in WZ Sge-type DNe are considered to be smaller than those in SU UMa-type DNe (Osaki, Meyer 2002) .
In this paper, we present observations of the ASASSN16eg. The superoutburst of ASASSN-16eg was detected on 2016 April 9 by All-Sky Automated Survey for Supernovae (ASAS-SN; Shappee et al. (2014) ) and the magnitude was V = 14.4 at the time of detection. Gaia Data Release 1 (Gaia Collaboration et al. 2016 , for more detail about Gaia DR1). There is a quiescent counterpart of G=19.394 in Gaia DR1. ASASSN-16eg was classified in WZ Sge-type DN since this object showed apparently clear doublewave modulations having properties of early superhumps and rebrightening, although its orbital period is particularly long. We found that ASASSN-16eg has a considerably large mass ratio which is far beyond the upper limit of the mass ratio that the outer edge of the disk is supposed to be able to reach the 2:1 resonance radius (Osaki, Meyer 2002) . We considered why this object showed a superoutburst that stems from 2:1 resonance despite of its large mass ratio by comparing with other long-period objects. In section 2, we describe the details of our observations and the methods of analyses. In section 3, we present the results of our observations. In section 4, we discuss the results.
Observation and Analysis
Our time-resolved CCD photometry of the superoutburst of ASASSN-16eg was carried out by the Variable Star Network (VSNET) collaborations (Kato et al. 2004) . Logs of our photometric observations are in table S1. All of the observation times were described in barycentric Julian date (BJD). We added a constant to each observer's magnitude data to adjust the difference in the zero-point. We used the phase dispersion minimization (PDM) method (Stellingwerf 1978) for period analyses. The 1σ error of the best estimated period by the PDM method was determined by the methods in Fernie (1989) and Kato et al. (2010) . We subtracted the global trend of the light curve by subtracting a smoothed light curve obtained by locally weighted polynomial regression (LOWESS : Cleveland 1979) before making the period analyses. We used O − C diagrams, from which we can derive the slight variation of the superhump period (see, e.g., Sterken 2005) . Figure 1 shows the overall light curve of the superoutburst of ASASSN-16eg. The observation was started on BJD 2457488. The superoutburst lasted about 20 d during BJD 2457489-2457508 with a slow decline of the brightness, and then rapidly faded. There was a single rebrightening during BJD 2457512-2457516. After the rebrightening, the magnitude declined to around V=19.5 and ASASSN-16eg seemed to be in a quiescent state. 
Result

Overall light curve
Early superhumps
We regarded the variations recorded in BJD 2457489.4-2457494.0 as early superhumps based on the double-wave variation and the variation of the superhump period. Figure 2 shows the result of PDM analysis of early superhumps (upper panel) and the mean profile (lower panel) of ASASSN-16eg. Double-wave variations characterized as early superhumps are clearly seen. We found the period of early superhumps to be 0.075478(8) d. Figure 4 shows the result of PDM analysis of stage A superhumps (upper panel) and the mean profile (lower panel). We found the stage A superhump period to be PstA = 0.07989(4) d. We also found the stage B and stage C superhump period to be 0.077880(3) d and 0.077589(7) d, respectively. P dot (≡ P sh /P sh ), which is a derivative of the superhump period during stage B, was 10.4(0.8) × 10 −5 .
Ordinary superhumps
Discussion
Particularly long orbital period and large mass ratio
As the period of early superhumps is considered to be almost equal to the orbital period (Kato et al. 2014) , we estimated the orbital period of ASASSN-16eg to be P orb = 0.075478(8) d. This value is particularly large compared with that of other WZ Sge-type DNe, which are concentrated around 0.054-0.056 d (Kato 2015) . Such long orbital period indicates two possibilities either ASASSN-16eg is in an earlier stage of CV evolution than other WZ Sge-type DNe or ASASSN-16eg is in a final stage of CV evolution as a period bouncer. We excluded, however, the latter possibility because of its large mass ratio as discussed below. There are some objects suspected as WZ Sge-type DNe having long orbital periods like ASASSN-16eg. ASASSN-16eg may be a new candidate of these long-period objects (see subsection 4.3).
We estimated the mass ratio of ASASSN-16eg from the fractional superhump-period excess for the 3:1 resonance, ε * = 1 −P orb /PstA, in the same way as proposed in Kato, Osaki (2013) . We estimated ε * = 0.0552(6) and then found the mass ratio to be q = 0.166(2). This value is considerably large for other WZ Sge-type DNe, which are around 0.06-0.08 (Kato 2015) , and thus the mass ratio of ASASSN-16eg is twice or three times as large as these typical values. Both the orbital period and the mass ratio of ASASSN-16eg are similar to those of SU UMa-type DNe rather than WZ Sgetype ones (see figure 5) . However, we note that the period of early superhumps is not exactly but almost equal to the orbital period. Ishioka et al. (2002) showed that the period of early superhumps of WZ Sge is 0.05% shorter than the orbital period. Kato et al. (2014) showed that the differences between the periods of early superhumps and the orbital periods in wellstudied WZ Sge-type DNe are very small and periods of early superhumps can be used as approximate orbital periods with an accuracy of 0.1%, and they also proposed that we can derive the orbital period from the period of early superhumps by assuming fractional excess of early superhumps, ε, of −0.05% if more accuracy is needed. Considering this difference in ASASSN16eg, we obtained an improved orbital period of 0.07544026(8) d and then estimated the mass ratio to be 0.167(2) by using the method proposed in Kato, Osaki (2013) . This value is very close to that we estimated from the period of early superhumps, and thus the difference between the period of early superhumps and the orbital period is considered to be not important for the estimation of the mass ratio. 1918, 1935, 1952, 1976, 1984, 2000 * , 2006, 2016 6-24 5, 6, 7, 8, 9 BC UMa 0.06251(5) 0.06476 (7) 0.096 (6) 1960, 1962, 1982, 1990, 1992, 1994, 2000 
Conditions of the 2:1 resonance
Osaki, Meyer (2002) proposed that the outer edge of the disk cannot reach the 2:1 resonance radius in the systems with q > 0.08. This upper limit of q for the 2:1 resonance may not be a rigid value since this extension of the disk radius was derived under an assumption of angular momentum conservation of the steady hot disk. If accretion onto the primary proceeds during the outburst, the outer edge of the disk may expand beyond this radius until the resonance radius or the tidal truncation radius stops its expansion. Accretion of a large amount of matter onto the primary will lead to a wide extension of the disk and the disk may exceed the tidal truncation radius. To achieve such a condition, an extremely low mass-transfer rate would be a key. The low mass transferring leads to a very low viscosity in quiescence because of the poor conductivity of the cold disk and resulting decay of magneto-hydrodynamic turbulence (Gammie, Menou 1998; Osaki et al. 2001) . If the viscosity is extremely low, mass transferred from the secondary would be stored in a torus at the outer edge of the disk and thus a large amount of matter would be accumulated on the disk at the onset of an outburst. In the case of q = 0.166(2), the 2:1 resonance radius for a circular orbit, R2:1/a = (1/2) 2/3 (1 + q) −1/3 , where a is a separation of the binary, is 0.599. The Roche-lobe radius that is approximated by Eggleton (1983) is 0.537 with q = 0.166(2). These values indicate that the 2:1 resonance radius is larger than the Roche-lobe radius. The distance of L1, the first Lagrangian point, from the primary, which is given by R1/a = 0.500-0.227log q in Warner (1995) , is 0.677 and the 2:1 resonance radius seems to be smaller than L1, which may enable the disk to reach the 2:1 resonance radius without colliding with the secondary. Therefore, the outer edge of the disk perhaps can reach the 2:1 resonance radius depending on conditions. Another possibility is that the 2:1 resonance can work even if the outer disk does not strictly reach the resonance radius since the 2:1 resonance is very strong.
The properties of long-period objects
In Kato (2015) , five objects, i.e. V1251 Cyg, RZ Leo, BC UMa, MASTER OT J004527.52+503213.8 (hereafter MASTER J004527) and QY Per, are supposed as candidates of the borderline class between the SU UMa-type DNe and the WZ Sge-type ones or long-period objects 2 . These objects showed superoutbursts with features similar to those of WZ Sge-type DNe although these objects have unsuitably long orbital periods for WZ Sge-type ones. MASTER J004527 and QY Per may be, however, SU UMa-type DNe because no early superhumps were detected in these two objects (Kato et al. 2014; Kato et al. 2016) . Except for QY Per, all of these long-period objects showed a single rebrightening as in ASASSN-16eg. We closely re-examined the past superoutbursts of these long-period objects. We also reanalyzed the mass ratios of V1251 Cyg (Kato et al. 2009 ), RZ Leo (Ishioka et al. 2001) and BC UMa (Maehara et al. 2007 ) by adding new observations from the AAVSO database and by using a new method proposed in Kato, Osaki (2013) . In these three objects, modulations similar to early superhumps are detected 3 . We summarized our analyses in table 1. We list our estimated values for P orb and PstA. The details of the analyses are summarized 2 Although some period bouncers may have long PSH, they are not considered here. 3 In RZ Leo, although Kato et al. (2009) suggested that variations of magnitude before the onset of ordinary superhumps are probably early superhumps rather than an extension of ordinary superhumps, Kato et al. (2016) indicated that these modulations may be different from those of typical WZ Sge-type DNe. However, the existence of ASASSN-16eg supports the existence of long-period WZ Sge-type DNe, and the variations of magnitude similar to early superhumps in RZ Leo may indeed be early superhumps.
in the supplementary discussion, figure S1-S10 and table S3-S6. We should note that these estimations of mass ratios based on the periods of early superhumps and the stage A superhump periods involve large uncertainties mainly because of the short baseline of the data of stage A superhumps. A reliable value of the period of early superhumps of V1251 Cyg could not be derived from the 2008 superoutburst and thus we could not estimate the mass ratio. Although the orbital period of BC UMa is longer than those of other WZ Sge-type DNe, it is rather short in comparison with that of RZ Leo or ASASSN-16eg. The mass ratio of BC UMa also quite small in comparison with that of RZ Leo or ASASSN-16eg. Thus, this object may be an intermediate class between the SU UMa-type DNe and the WZ Sge-type ones as mentioned in Maehara et al. (2007) . The orbital period and mass ratio of RZ Leo are similar to those of ASASSN-16eg. ASASSN-16eg also may have the same properties as RZ Leo, such as the long recurrence time of superoutbursts.
Supercycles of long-period objects
As we mentioned in subsection 4.2, the mass-transfer rate may be low in ASASSN-16eg for causing a WZ Sge-type superoutburst. Similarly, other long-period objects showing WZ Sge-type superoutbursts may have similarly low mass-transfer rates. The recurrence time of the superoutburst is considered to be proportional to the inverse of the mass-transfer rate (Osaki 1995) . Therefore, if there is no overlooked superoutburst, the length of supercycle would reflect the mass-transfer rate and the exceptionally long supercycle suggests the exceptionally low mass-transfer rate.
We excluded MASTER J004527 from this discussion since this object showed only one superoutburst. The shortest supercycle of BC UMa is 2 yr as seen in table 1 and this value is rather short for typical WZ Sge-type DNe, which are about decades, although it is long for typical SU UMa-type ones, which are several hundred days. As Maehara et al. (2007) mentioned, however, this object may be an intermediate class and seems to be different from other long-period objects (see also figure  5 ). Thus we also excluded this object from this discussion.
The other three objects, V1251 Cyg, RZ Leo and QY Per, have long supercycles comparable to those of other WZ Sgetype DNe. Although the shortest supercycle of V1251 Cyg is 3 yr and seems to be fairly short, the 1994 superoutburst was not observed well enough (Kato et al. 2009 ) and this superoutburst might be one before mass accumulated sufficiently at the onset of the outburst. These long supercycles indicate that in these long-period objects the mass-transfer rates are low. From comparison with these long-period objects, it might be indicated that ASASSN-16eg also has a long supercycle and thus a low mass-transfer rate.
We also searched the past outburst of ASASSN-16eg by us- Mass ratio, q, versus orbital period, P orb . The dashed and solid curves represent the standard and optimal evolutionary tracks in Knigge et al. (2011) , respectively. The triangle and filled circle represent SU UMatype and WZ Sge-type DNe, respectively, which are listed in Kato, Osaki (2013) and Kato (2015) . The star represents ASASSN-16eg. The diamonds represent RZ Leo and BC UMa, respectively. There are two candidates of period bouncers at the lower right in this panel. They have long orbital periods but extremely small mass ratios in comparison with ASASSN-16eg or RZ Leo.
ing Harvard astronomical plate digitalized by Digital Access to a Sky Century @ Harvard (DASCH; Grindlay et al. (2009); Laycock et al. (2010) ) project. These plates records objects brighter than B ∼ 14 -17, and could detect the superoutbursts of ASASSN-16eg if this object showed superoutbursts and it was recorded in plates. There is, however, no record of brightening of ASASSN-16eg and we could not investigate the supercycle of ASASSN-16eg.
CV evolution
We show the P orb -q relation in figure 5 , in which we showed SU UMa-type and WZ Sge-type DNe with q values estimated by Kato, Osaki (2013) and Kato (2015) . We also included ASASSN-16eg and other long-period objects, RZ Leo and BC UMa.
As described in section 1, the binary separation of CVs becomes shorter because of a loss of the total angular momentum. Because of Roche overflow, the mass ratio of the binary also reduces. Thus CVs generally evolve with the mass ratio decreasing and the separation decreasing. Therefore, it is considered that DNe evolve into WZ Sge-type DNe through SU UMa-type DNe. This may indicate that the long-period objects including ASASSN-16eg are at an earlier stage of CV evolution than other WZ Sge-type DNe. However, as mentioned in section 1, the mass-transfer rate decreases as CVs evolve. In this picture, the mass-transfer rate is considered a function of orbital period. In cases of long-period objects with long supercycles, the masstransfer rate appears to be lower than that expected from this picture. Such systems may be in a state with temporary decreased mass-transfer rate. However, the mechanism to realize a low mass-transferring state is still unclear.
As one possibility of realizing the temporarily decreased mass-transferring state, we propose the hibernation scenario (Shara et al. 1986; Livio 1992) , which assumes that after a nova eruption, mass transfers from the secondary decreases because of the increase in binary separation and the weakening of irradiation from the primary, and then the binary system would be in the temporally low mass-transferring state. Although nova-like stars below the period gap are very rare (Patterson et al. 2013) , this hypothesis could explain the reason why the mass-transfer rate can be low even in long-period objects.
Another possibility to explain the low mass-transfer rate in these long-period WZ Sge-type objects is that these objects trace a different evolutionary track from the standard one. Goliasch, Nelson (2015) showed that the evolutionary track of CVs depends on the initial conditions of the primary or the secondary. The objects discussed here, however, appear to be on the standard evolutionary track as judged from the P orb -q relation (figure 5), and this possibility appears to be less likely.
Summary
We report on our photometric observations of the 2016 superoutburst of ASASSN-16eg. This object showed a WZ Sgetype superoutburst with clear early superhumps and a postsuperoutburst rebrightening. We derived the period of early superhumps to be 0.075478(8) d. The orbital period, which is almost identical with the period of early superhumps, is exceptionally long for a WZ Sge-type DN. The mass ratio estimated from the period of stage A superhumps is 0.166(2), which is also very large for a WZ Sge-type DN. Osaki, Meyer (2002) proposed that in systems with q > 0.08 the outer edge of the disk cannot reach the 2:1 resonance radius. However, if the accretion onto the primary proceeds, the disk continues to expand until the resonance radius or tidal truncation radius stops its expansion. If the mass-transfer rate is low and thus a large amount of matter accumulates on the disk before the onset of an outburst, the outer edge of the disk may reach to or close to the 2:1 resonance radius beyond the tidal truncation radius by violent outburst.
For candidates of long-period objects showing WZ Sge-type superoutbursts, we examined their supercycles, which are considered to reflect the mass-transfer rates. We found that V1251 Cyg and RZ Leo have long supercycles in comparison to other WZ Sge-type DNe. This suggests that these long-period objects have low mass-transfer rates. From comparison to these longperiod objects, it is indicated that ASASSN-16eg also has a long supercycle and thus a low mass-transfer rate.
The long orbital period suggests that ASASSN-16eg is in an earlier stage of CV evolution than other WZ Sge-type DNe. Although CVs evolve as their mass-transfer rate decreases, long-period objects appear to have a low mass-transfer rate comparable to other WZ Sge-type DNe. As a mechanism to realize a low mass-transfer rate, we propose the hibernation scenario or possibility that long-period objects trace a different evolutionary track from the standard one.
